Measurement of density and thickness of cuticle of an array of decapod crustaceans indicates that cuticle tends to be thick and dense in benthic organisms and thinner and less dense in nektobenthic decapods. Thin section analysis of the cuticle under crossed polarized light documents a broad range of area of biomineralization. Cuticle density is strongly correlated with area of calcification. One of the nektobenthic decapods in the study exhibited no calcification of the cuticle at all, and thus exhibited the lowest density. These data support the hypothesis that density and thickness of cuticle contribute to adaptation to benthic and nektobenthic lifestyles.
INTRODUCTION
The microstructure of cuticle in decapod crustaceans has traditionally been studied in histological sections that reveal four layers, three of which are biomineralized. The epicuticle, exocuticle, and endocuticle are the mineralized layers; the membranous layer lies above the epidermis and is unmineralized (Roer and Dillaman, 1984) . The relatively thin epicuticle and the exocuticle are deposited before the molt, and the endocuticle and membranous layer are deposited post-molt. Standard histological sections involve demineralization of tissues to allow sectioning with a microtome. These preparations clearly show the lamellar structure of cuticle, pore and tegumental canals, and regions of tanning and pigmentation that are developed within the cuticle. These demineralized sections do not show the distribution of biologically deposited minerals within the cuticle. As a result of these studies, it has been implied that cuticle architecture is similar throughout the Decapoda and that much of the variation between taxa can be expressed in terms of differences in cuticle thickness and of the various layers within it. This type of examination has been extended into the fossil record where similar patterns have been well documented (Feldmann and Gaździcki, 1998; Vega et al., 1994 Vega et al., , 2005 .
Recent examination of cuticular architecture of fossil and extant decapods, using a combination of scanning electron microscopy and thin section analysis, revealed a more complex morphology that was hypothesized to have implications for the classification of the group (Haj and Feldmann, 2002; Waugh and Feldmann, 2003; Waugh et al., 2004) . During the course of these studies, yet another pattern emerged that appears to have been inadequately described. Not only does cuticle exhibit variation that appears to be taxon specific in the nodes, pillars, and other structures described by Waugh and Feldmann (2003) , but the pattern and degree of calcification present within the cuticle of intermolt decapods is remarkably variable. The degree and variance of this calcification has been largely undocumented in all but a few taxa.
Quite apart from these studies, other investigators have attempted to determine the density and/or specific gravity of various decapod species. Some of these studies have been largely methodological (Lowndes, 1944) . Other studies have been comparative in order to test whether nektonic species might have lower bulk densities than benthic species, thus reducing the amount of metabolic energy expended for swimming (Spaargaren, 1979) . The results of these latter studies generally have been that nektonic species tend to have lower bulk densities than do benthic species; few have attempted to isolate the cause of the density differences in any detail.
The role that calcification plays in controlling density of cuticle has generally been anecdotal, with few studies examining the actual amount of calcite present in a broad array of taxa. The lack of data concerning calcification makes it difficult to make comparisons or establish criteria for what constitutes either well calcified or poorly calcified cuticle. The amount of calcification in cuticle must be quantified before calcification patterns and degree of calcification can be classified as environmental adaptations or used for phylogenetic studies.
It is the purpose of the present work to describe the variations in distribution of calcite within decapod cuticle, the thickness of cuticle, and the density of cuticle within a variety of decapod crustaceans (Table 1) as well as to examine the correlation of these variations to the lifestyle of the organisms. We hypothesize that nektobenthic taxa, those organisms that both actively swim and inhabit the seafloor, have thinner and less completely calcified cuticle, resulting in cuticle of lower density than that of benthic taxa.
Background
Few studies and experiments have been conducted to determine the specific gravity of whole decapods; even fewer studies addressed the density of the decapod cuticle alone. Schmidt-Nielson (1983, p. 448) stated that, ''a reduction in the density or specific gravity of an organism is the only solution to staying afloat that does not involve some amount of swimming action.'' He proposed five ways for organisms to obtain neutral buoyancy, one of which involved reducing the amount of heavy substances the organisms possess. He specifically pointed out that the blue crab Callinectes sapidus Rathbun, 1896, could benefit from a reduced amount of calcium carbonate in its exoskeleton; however, he concluded that there has not been a significant reduction in biomineralization, and therefore they must swim continuously in order to stay afloat.
One of the earliest attempts to determine the specific gravity of whole crabs was the work of Olmsted and Baumberger (1923) . They collected three species of live shore crabs, Hemigrapsus oregonensis (Dana, 1951) , H. nudus (Dana, 1851) , and Pachygrapsus crassipes Randall, 1839. Specific gravities for intermolt crabs were calculated by dividing the weight by the volume: as examples, in male crabs the specific gravities determined had mean values of 1.21 for specimens of P. crassipes, 1.17 for specimens of H. oregonensis, and 1.13 for specimens of H. nudus (Olmsted and Baumberger, 1923, p. 289) . Differences in specific gravity between genders and species were not found to be significant. Olmsted and Baumberger (1923) also examined fluctuations between specific gravities during different stages of the molt cycle, which did change. Lowndes (1944) found that direct weighing of living aquatic organisms produced percent errors that were too high for accurate measurements of density. Therefore, in making density determinations of living aquatic organisms, he used the classical liquid displacement method for finding density; however, his use of this method was a rather painstaking, time-consuming process. Spaargaren (1979) investigated the relationships between specific gravity and drag coefficients, and in the process determined the specific gravities of several species of crabs. He also presented densities in relation to body size to find out if changes in density occurred during ontogenetic development (Spaargaren, 1979, p. 352) . Spaargaren (1979) stated that the lowest density values were obtained from the small, pelagic species and the highest density values belonged to the larger, benthic species, which suggested a ''loose relation between density and swimming capabilities' ' (p. 355) . Little correlation was found between density and body size, and Spaargaren (1979) attributed the differences in sinking rates to body weight and drag. Olmni and Bishop (1983) investigated weight-width relationships of Callinectes sapidus. They determined that male crabs weighed more than females of equal size and that intermolt crabs, in general, weighed more than those actively undergoing molting. Their work emphasized the importance of controlling for gender and molt stage when conducting comparative studies. Pütz and Buchholz (1991) studied the cuticle of 11 malacostracan species. They related thickness of cuticle and carapace volume to the specific weight of the organisms, which in turn affects swimming abilities. They determined that cuticle of pelagic species does not increase in thickness with successively larger body sizes, and in contrast, the cuticle of benthic and nektobenthic species continues to thicken during successive instars. Pütz and Buchholz (1991) suggested that the thinner cuticle of pelagic species gains strength from larger numbers of closely spaced laminations. Karasawa and Schweitzer (2006) and Portunoidea from Karasawa et al. (2008) . Ecological settings for genera were condensed from Sakai (1976) and Williams (1984 The benthic species they examined had cuticle with fewer laminations and wider spacing to provide more space for mineralization within the chitinous framework (Pütz and Buchholz, 1991) . None of these studies documented the pattern of biomineralization and its effect on the density of cuticle, nor did the studies focus on the significance of cuticle density and bulk density of the decapods. The methodology described below permits examination of cuticle architecture in a novel way that provides data to examine these features.
MATERIALS AND METHODS

Thin Section Preparation
Thin sections were prepared from de-fleshed cuticular samples of 12 species, some nektobenthic and some entirely benthic. Samples were taken from the right branchial region or if a density sample had already been taken, from just adjacent to that site. The samples were de-fleshed mechanically to prevent demineralization of the cuticle. Samples were dried and embedded in epoxy under vacuum. Upon curing, the epoxy blocks were ground to the intended plane of section and polished using diamond impregnated paper disks to a final grit size of 800. Once dry, the sections were glued to glass slides using a UV light curing resin. The remaining material extending from the surface of the slide was removed using a watercooled diamond saw followed by grinding and polishing to produce a final thickness of about 40-50 microns and a surface polished with 1200 grit.
Patterns of Calcification
Thin sections were examined and photographed using a polarizing microscope and high resolution digital camera. To determine the percent area of the calcified cuticle, the total area of the section and the area of the section containing birefringent calcite were measured from the digital images using NIH Image. Measurements of cuticle thickness were made from these same photomicrographs.
Density Sample Preparation
Density determinations were made from cuticle samples cut from the same carapaces that were sampled to make thin sections. Cuticle samples were taken from the opposite branchial region (usually the left) if a thin section sample had already been taken; otherwise, samples were taken from the best-preserved branchial region. Cuticle samples were taken from 17 decapod species, some nektobenthic and some benthic (Table 1 ). All samples were obtained from male specimens in order to avoid density differences between genders. Cuticle samples of 1-2 cm 2 size were cut from the branchial regions of decapods that had been preserved in 95% ethyl alcohol (EtOH). Loose tissue, if present, was removed.
Density Determinations
Two samples of Metacarcinus novaezelandiae (Jacquinot in Jacquinot and Lucas, 1853) were taken from the same specimen and placed in separate sample bottles; one was allowed to dry in the cabinet for approximately 24 hours and the other for approximately 72 hours. Densities were measured for each sample to establish whether different drying times would affect the results; no significant differences in density were determined. The Metacarcinus novaezelandiae samples were also used as a standard to check balance calibration for each density-measuring session.
Density measurements were made using a Berman torsion balance (Berman, 1939) . The dry cuticle samples were cleaned of any remaining adhering tissues and broken or cut into small pieces to fit within the small sample basket of the balance. Traditionally, toluene is used with a Berman balance because of its low surface tension and minimal density change with temperature. EtOH was substituted due to safety concerns. Dry weights (W a ) of the cuticle were determined by loading the sample onto the upper lip of the weighing apparatus; the sample was then placed into the lower basket and immersed in the alcohol providing the wet weight (W d Three samples from each specimen were weighed and their densities calculated. Because not all samples could be weighed on the same day, a designated sample of Metacarcinus novaezelandiae was selected to serve as a standard. This standard was measured at the beginning of each session to check the calibration of the balance. To reduce operator error, all determinations were made by one of us (CGA).
RESULTS AND DISCUSSION Distribution of CaCO 3
The area over which calcification occurs within cuticle is highly variable, ranging from 0-100% in the taxa studied (Figs. 1-3, Table 2 ). Examination under cross-polarized light permits mapping the distribution of calcite but does not allow direct observation of how closely packed the calcite crystals are within the chitin framework and does not allow detection of amorphous calcite phases which are present within some cuticle. For example, density differences that are presumably a function of differences in calcite concentration in claws can be observed in CT scans (Waugh et al., 2006, fig. 3 ). Under cross polarized light, the cuticle appears to be calcified throughout the claw, whereas CT scans show that the claw tips and occlusal teeth are more densely calcified than the surrounding cuticle of the claw. Density differences in calcification of claws may be attributable to the presence of amorphous calcite, which goes undetected in thin-sections but is visible in CT scans. Thus, a similar phenomenon may occur in cuticle of the dorsal carapace.
Chitin is always present in the cuticle; obviously, therefore, the percentage of calcite can never actually comprise 100% of the cuticle. Thus, calcite may appear to be distributed over 100% of the cuticle at the magnifications and with the techniques used in this study, but this is not possible because chitin must also be present. The values given in Table 1 concerning the percentage of calcification reflect this condition. Cuticle samples that were observed to have calcite in 100% of the cuticle attained a density between 2.06-2.34 g/cm 3 which does not approach the density of pure calcite, 2.71 g/cm 3 (Deer et al., 1992) (Figs.  4, 5) . The density measured is lower than that for pure calcite because the chitin matrix reduces the density; the density of pure a-chitin, which is found in decapods, has been measured to be between 1.400 to 1.425 g/cm 3 (Carlstrøm, 1957) . This is close to the measured density of cuticle from Penaeus sp. (1.39-1.43 g/cm 3 ) which is the sole taxon studied that did not contain calcite observable in thin section.
Density
The results of the density determinations for all 17 species are given in Table 1 and Fig. 4 . The results indicate that in most cases nektobenthic decapods have lower cuticular densities compared to benthic species.
The ranges for density indicated on Fig. 4 are influenced by instrument error including issues of surface tension and changing density of EtOH with water content and temperature, combined with real variations in mineral content of samples. This explains variation within measurements for each species. Although the general pattern is that nektobenthic species had densities lower than benthic species, some had densities higher than that of some benthic species. For example, Portunus panamensis has a mean cuticle density of 2.24, which is well within the range of densities for the benthic species. One possibility for this apparent discrepancy is variation within the molt cycle. Portunus panamensis was not thin sectioned because the single specimen available was extremely small and molt stage could not be verified. All other specimens used in this study were judged to be in the intermolt stage and all samples that were thin sectioned contained a membranous layer which would further indicate presence of the intermolt C 4 stage (Travis, 1960) . The differences in density between the decapod cuticle of all of the species studied are small; however, these slight differences may affect the overall Fig. 1 . Photomicrographs of cuticle from the branchial region in plain polarized light (ppl) on left and cross-polarized light (xpl) on right. Bars on the left side of the plain polarized images indicate cuticular layers; black ¼ exocuticle, white ¼ endocuticle, and grey ¼ the membranous layer; bars are the same for Figures 2 and 3 . Epicuticle is not discernable in photomicrographs. The membranous layer is often present but is not visible in all images. A, Penaeus sp., light color in the cross polarized micrograph caused by birefringence in chitin, not calcite; opaque specks are polishing grit; B, Munida quadrispina; C, Emerita talpoida; D, Lyreidus tridentatus; E, Calappa augusta. Scale bars ¼ 0.1 mm. density of the organism and may be the key to a pelagic or benthic lifestyle as will be discussed below.
Relationship Between Calcification, Thickness, and Density
The percent area of calcification and the density of cuticle samples are strongly correlated (q ¼ 0.928) (Fig. 5 ). This is a particularly strong correlation given the observation made above that area of calcification was determined using thin section techniques that were neither able to identify the density of packing of calcite within the cuticle nor to recognize amorphous calcite. Despite this limitation in the method of observation, the correlation is strong. Thus, calcification of the cuticle is believed to be a major factor controlling cuticular density (Fig. 5) . Thickness of the cuticle further magnifies or reduces the effect on bulk density (Fig. 6) . A comparison between mean cuticle density and cuticle thickness of the decapods for which thin sections were prepared confirms the hypothesis that nektobenthic decapods tend to possess thin, low-density cuticle. This supports the conclusion that cuticle architecture, both in terms of calcification pattern and thickness, has a strong influence on lifestyle. It is also interesting to note that none of the decapods studied was characterized by thick, low density cuticle. Although the sample of decapods is not extensive, the observation does suggest that thick, lowdensity cuticle is not particularly selectively advantageous.
Density and Buoyancy
Although the density of the cuticle is only one aspect affecting the overall buoyancy or bulk density of decapods, it is likely to have an effect on the density of the whole organism. Although the density differences among the studied decapods are slight, a subtle change in bulk density may well facilitate the ability of the organism to control and maintain its position in the water column or on the seafloor (Visser and Jónasdóttir, 1999) . Considering a Cartesian Diver as analogous, slight variations in density can substantially affect the ease with which a decapod could rise above the seafloor.
Precise measurement of the bulk density of decapods is complicated by mechanical problems of desiccation of tissues preserved in alcohol and entrainment of air or seawater in living organisms. The cuticle is presumably the most dense component of the decapod body and therefore an important contributor to relative buoyancy of the organism. Both density and thickness of the cuticle must influence bulk density. Increasing the thickness of the cuticle increases the volume of cuticle and reduces the internal volume correspondingly. As a result, there will be an increase in bulk density without increasing the displacement of the decapod. Thus, we have used cuticle as a proxy for bulk density.
Reduced density certainly must have positive effects on swimming abilities and metabolic costs, as is often recognized. The converse of this relationship, the positive effect of negative buoyancy on benthic dwellers, may often be overlooked in decapods. The ability of a bottom dwelling organism to remain in contact with the substrate has a substantial effect on both locomotion and the ability to resist water currents. An increase in density would allow more stability in current swept environments above wave base, providing increased access to habitats.
It appears that variability in cuticular density has a relatively greater effect in smaller organisms, and that these smaller organisms are greatly affected by changes in weight or buoyancy (Spaargaren, 1980) . Thus, the role of cuticular density on buoyancy and mass is magnified in smaller organisms that have higher surface to volume ratios.
One of the outcomes of this research and other work (Waugh et al., 2006) is recognition that there is a wide range of not only the amount, but also the distribution of, calcite Table 2 . Tabulation of inferred lifestyles and measurements for the studied taxa. LS, lifestyle; NB, nektobenthic; BE, benthic epifaunal; BI, benthic infaunal; Ctotal, total thickness of the cuticle in microns; Cexo, thickness of the exocuticle in microns; PC, percent of cuticle containing birefringent minerals; W, maximum width of the dorsal carapace (mm); L, length of the dorsal carapace excluding rostrum (mm); Davg, average density of cuticle; Dmin, minimum density; Dmax, maximum density. within the cuticle within the Decapoda. This has prompted an independent investigation of the phylogenetic implications of these patterns. It is hypothesized that patterns of calcification are similar in closely related taxa. That work is ongoing. The effect of calcification patterns and degree of calcification on taphonomic history and preservational potential remains to be studied in detail. However, anecdotal evidence suggests that weakly calcified cuticle, such as that seen on shrimp and the portunoid carapaces, is not as likely to be preserved as the strongly calcified cuticle of other taxa such as the raninids and xanthoids. Within our experience, most portunoid fossils are confined to the strongly calcified claws, although the fossil record for portunoids does include some carapaces (Karasawa et al., 2008) . Fossils of portunoid carapaces are not as common as one might anticipate for relatively large crabs occupying a variety of shallow-marine habitats. Raninids, on the other hand, seem to have a good fossil record including numerous carapaces (Tucker, 1998) . The same can be said for the Xanthoidea sensu lato and Goneplacoidea (Karasawa and Schweitzer, 2006) . These relationships require further research. Fig. 5 . Density measured for cuticle taken from branchial regions plotted against percent of area calcified. Numbers denote taxa studied: 1, Penaeus sp.; 2, Callinectes sapidus; 3, Ovalipes catharis; 4, Teratomaia richardsoni; 5, Leptodius floridanus; 6, Hemigrapsus nudus; 7, Hepatus sp.; 8, Metacarcinus novaezelandiae; 9, Cycloes bairdi; 10, Carpilius maculates; 11, Calappa augusta; 12, Emerita talpoida; 13, Munida quadrispina; 14, Lyreidus nitidus. Fig. 6 . Mean density of cuticle plotted against cuticle thickness divided by carapace length times 100 for samples that were both sectioned and analyzed for density. Solid triangles indicate nektobenthic species.
